Interleukin-6 (IL-6) is a pleiotropic cytokine that plays a central role in host defense. IL-6 expression can be regulated at both a transcriptional and a post-transcriptional level. We used a combination of bioinformatics and experimental techniques to demonstrate that the miR-365 is a direct negative regulator of IL-6. Overexpression of miR-365 mimics decreased activity of a luciferase reporter containing the IL-6 3-UTR and led to repression of IL-6 protein. In contrast, ectopic expression of a miR-365 inhibitor elevated IL-6 expression. The negative regulation of miR-365 was strictly dependent on a microRNA binding element in the 3-UTR of IL-6 mRNA. Deletion mutant analysis of the miR-365 promoter showed that two transcription factors, Sp1 and NF-B, are essential for the transcriptional regulation of miR-365. We also demonstrate that the MAPK/ERK pathway contributes to the regulation of miR-365. Furthermore, miR-365 exhibited a greater negative regulatory effect on IL-6 than hsa-let-7a, a previously identified microRNA negatively regulating IL-6. Taken together, our results show that miR-365 is a novel negative regulator of IL-6.
Growing evidence exists indicating that miRNAs play an important role in the regulation of inflammation. For example, miR-146a has been characterized as a negative regulator of the inflammatory response by targeting IL-1 receptor-associated kinase 1 (IRAK1) and TNF receptor associated factor 6 (8). Xiao et al. (9) reported that miR-155 is involved in negative regulation of Heliobacter pylori-induced inflammation, and miR-155 was further identified as targeting myeloid differentiation primary response gene 88 (MyD88) (10) . miRNAs regulate inflammation not only by targeting adapter proteins involved in the signaling pathway but also inflammatory mediators. Many interleukins have been found to be targets of miRNAs. Interleukin-10 (IL-10) has been identified as the target of hsa-miR-106a (11) . Kaposi sarcoma-associated herpesvirus-encoded miR-K12-3 and miR-K12-7 up-regulate IL-10 and IL-6 levels in murine macrophages and human myelomonocytic cells (12) . miR-466l elevates IL-10 expression by preventing IL-10 mRNA degradation (13) . IL-13, a cytokine essential for expression for allergic lung disease, was recently found to be regulated by mmu-let-7a (14) . miR-346 indirectly regulates IL-18 release by indirectly inhibiting LPS-induced Bruton's tyrosine kinase expression in LPS-activated rheumatoid fibroblast-like synoviocytes (15) .
IL-6 is a pleiotropic cytokine involved in the regulation of the immune response, hematopoiesis, and inflammation (16) . It was previously considered to be a regulator of acute-phase responses and a lymphocyte-stimulatory factor (17) (18) (19) . However, recent advances have documented a series of IL-6 activities that are critical for resolving innate immunity and promoting acquired immunity (20) . IL-6 expression can be regulated at the transcriptional and post-transcriptional level (21, 22) , but whether and how IL-6 is regulated at the post-transcriptional level by miRNA has so far been incompletely understood.
In this study we establish that miR-365 is a novel miRNA regulator of human IL-6. miR-365 regulates the expression of IL-6 by classic interaction with the MRE in the 3Ј-UTR of IL-6 and further represses mRNA translation, although mRNA degradation is not involved. We also investigated the transcriptional regulation mechanism of miR-365.
EXPERIMENTAL PROCEDURES

Prediction of Candidate miRNA Binding to IL-6 3Ј-UTR-
The software programs Microcosm (23) (24) (25) , miRanda (26, 27) , and TargetScan (28 -31) were used to predict potential binding sites for miRNA in the IL-6 3Ј-UTR. Only those miRNA target pairs detected by at least two of the three programs were used for further study.
Cell Culture and Reagents-HEK293 and HeLa cells were cultured in DMEM (Invitrogen) supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 g/ml streptomycin at 37°C and 5% CO 2 . miR-365 mimics and inhibitors were obtained from GenePharma (Shanghai, China). The sequence of mimics, inhibitors, or scrambled oligonucleotides are as follows: miR-365 mimics, 5Ј-UAA UGC CCC UAA AAA UCC UUA U-3Ј (forward) and 5Ј-AAG GAU UUU UAG GGG CAU UAU U-3Ј (reverse); mimics negative control, 5Ј-UUC UCC GAA CGU GUC ACG UTT-3Ј (forward) and 5Ј-ACG UGA CAC GUU CGG AGA ATT-3Ј (reverse); miR-365 inhibitor, 5Ј-AUA AGG AUU UUU AGG GGC AUU A-3Ј; inhibitor negative control, 5Ј-CAG UAC UUU UGU GUA GUA CAA-3Ј. Pharmacological inhibitors of JNK (SP600125), p38 MAP kinase (SB203580 and SB202190), NF-B (BAY11-7082), and ERK (U0126) were obtained from Calbiochem-Merck. Phorbol 12-myristate 13-acetate, poly(I:C), and poly(dAT:dAT) were obtained from Sigma.
Plasmid Constructs-To construct pMIR-IL-6 3Ј-UTR, the 3Ј-UTR of IL-6 was amplified from cDNA derived from HeLa cells. The PCR product was digested with SacI and HindIII and cloned into the pMIR-REPORT luciferase reporter vector (Ambion). The luciferase reporter plasmids TSS-1348, TSS-1097, TSS-705, and TSS-336, which contains the1348-, 1097-, 705-, and 336-bp proximal promoter sequences of miR-365, respectively, were constructed by PCR amplification using genomic DNA of HeLa cells as templates and subsequent cloning into KpnI and BglII site of pGL3-basic (Promega, Madison, WI). To construct the miRNA expression vector, each miRNA precursor sequence plus 3Ј-and 5Ј-flanking region (about 150 bp) was amplified from genomic DNA of HeLa cells and cloned into pSilencer 4.1-CMV neo. The Sp1 expression construct was created by amplifying the whole human Sp1 coding sequence from HEK293 cells and then cloned into pEGFP-N1 at the XhoI and KpnI sites. The IL-6 3Ј-UTR reporter constructs lacking the predicted miR-365 binding site or having a 3-bp substitution in the MRE of IL-6 gene and miR-365 promoter reporter constructs containing site-specific mutations for transcription factor binding site NF-B or Sp1 were constructed by introducing a point mutation or deletion with overlap-extension PCR (32) . Primers used in this study are listed in Table 1 . All DNA constructs were verified by sequencing.
Transient Transfections and Luciferase Assays-Transient transfections were performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. For luciferase assay, HEK293 cells were cultured in 24-well plates and cotransfected with 0.1 g of an indicated reporter plasmid per well and 0.05 g pRL-TK (Promega) per well along with miRNA expression vector (0.4 g/well) or miRNA mimics (20, 40 , and 60 nM) or inhibitors (60, 80, and 100 nM). In some selected experiments, 1 g/well poly(dAT:dAT), 1 g/well poly(I:C), 1 g/well phorbol 12-myristate 13-acetate, or 10 hemagglutination units/well Sendai virus were transfected or treated at 24 h after the initial co-transfection. Luciferase activ- IL6 3Ј-UTR intact F  ATAGAGCTCCATGGGCACCTCAGATTG  IL6 3Ј-UTR deletion F  CGCGAGCTCGCATGGGCACCTCAGCTTCTTCTGGTCAGAAACCTGT  IL6 3Ј-UTR Point Mut F  CGCGAGCTCGCATGGGCACCTCAGATTGTTGTTGTTAATGACCAGTCCT  IL6 3Ј-UTR R  GCGAAGCTTGCTGAATTTTTTAAAATGCC  TSS-336 F  GGGGTACCCCGCTTGATAAAGCTTAATTGCATC  TSS- 
ity was analyzed 24 h later using the dual luciferase reporter assay (Promega). Renilla luciferase activity in the lysates was used to normalize the firefly luciferase activity. Small RNA Interference (siRNA)-siRNA duplexes consisting of 21 bp of oligonucleotides were purchased from GenePharma (Shanghai, China). The sequences of siRNA duplexes for Sp1 and negative control (NC) were as follows: Sp1 siRNA, 5Ј-AUC ACU CCA UGG AUG AAA UGA TT-3Ј(sense)/5Ј-UCA UUU CAU CCA UGG AGU GAU TT-3Ј(antisense); NC, 5Ј-UUC UCC GAA CGU GUC ACG UTT-3Ј (sense)/5Ј-ACG UGA CAC GUU CGG AGA ATT-3Ј (antisense). Transfection of siRNA duplexes was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
Real-time PCR-HeLa cells were transfected with either miR-365 mimics or inhibitors using Lipofectamine 2000. Total RNA was extracted from the transfected cells with TRIzol (Invitrogen), and 0.4 g of RNA was used to synthesize cDNA using a first-strand cDNA synthesis kit (TOYOBO). Quantitative real-time PCR analysis was performed using the Lightcycler 480 (Roche Applied Science). The primers used for quantitative real-time PCR are as follows: IL-6, 5Ј-AGG AGA CTT GCC TGG TGA AA-3Ј (forward)/5Ј-CAG GGG TGG TTA TTG CAT CT-3Ј (reverse); GAPDH, 5Ј-GCA CCG TCA AGG CTG AGA AC-3Ј (forward)/5Ј-TGG TGA AGA CGC CAG TGG A-3Ј (reverse). Data were normalized according to the level of GAPDH expression in each sample. For miRNA realtime PCR, a commercial Hirpin-it TM miRNAs qPCR Quantification kit (GenePharma) was used. Briefly, 2 g of RNA was used as the template and then reverse-transcribed by using a miR-365-specific RT-primer. The resulting cDNA was further amplified in the quantitative real-time PCR with a universal reverse primer and a specific forward primer. The PCR procedure included predenaturation at 95°C for 2 min and then 40 cycles of 94°C for 10 s, 58°C for 15 s, and 72°C for 20 s followed by melting curve analysis.
IL-6 ELISA-Human IL-6 expression was measured in the supernatants of stimulated cells using a commercial human IL-6 ELISA kit (Invitrogen) according to manufacturer's instructions.
Statistical Analysis-Results obtained from three independent experiments were expressed as the mean Ϯ S.D. For all statistical analyses, two-tailed Student's t test was used. A p value less than 0.05 was considered significant, and a p value less than 0.01 was considered highly significant.
RESULTS
Identification of miR-365 as a Negative Regulator of IL-6-
Potential miRNA binding sites to the IL-6 3Ј-UTR were predicted by Microcosm, miRanda, and TargetScan using the 3Ј-UTR of human IL-6 (NM_000600.3) as a query sequence. Five miRNAs, including miR-365, miR-548o, miR-548d, miR548c, and miR-338 -5p, were returned as candidates. The predicted binding sites for the individual miRNA in the 3Ј-UTR of IL-6 are listed in Table 2 . To investigate the roles of these predicted miRNAs on IL-6 expression, DNA constructs expressing the miRNA precursors were co-transfected with pMIR-IL-6 3Ј-UTR. As shown in Fig.   1A , only transfection with miR-365 expression vector significantly down-regulated luciferase activity compared with transfection with an empty vector, indicating that miR-365 is a potential regulator of IL-6.
To further evaluate the effect of mature miR-365 on IL-6 expression, chemosynthetic miR-365 mimic and inhibitor were employed. As shown in Fig. 1B , the miR-365 mimic also inhibited luciferase activity of pMIR-IL-6 3Ј-UTR in HEK293 cells. Conversely, the miR-365 inhibitor induced luciferase activity. In addition, the dose-dependent effects of the mimic and the inhibitor on inhibition and induction of luciferase activity, respectively, could be observed (Fig. 1B) . To further validate the miR-365 inhibitory effect on IL-6 protein expression, HeLa cells were transfected with the miR-365 mimic (40 nM) or inhibitor (100 nM), and IL-6 levels in the culture supernatant were measured by ELISA. As shown in Fig. 1C , treatment with the miR-365 mimic remarkably repressed IL-6 expression, whereas the miR-365 inhibitor induced IL-6 expression. As a critical proinflammatory cytokine, IL-6 expression is highly inducible by some immunostimulatory molecules such as poly(I:C) (dsRNA analog) and poly(dAT:dAT) (dsDNA analog). Thus, we further evaluated the inhibitory effect of miR-365 on poly(I:C)-or poly-(dAT:dAT)-induced IL-6 expression. As shown in Fig. 1C , transfection with poly(I:C) or poly(dAT:dAT) significantly induced IL-6 expression, but overexpression of miR-365 remarkably blocked poly(I:C)-or poly(dAT:dAT)-induced IL-6 expression.
We further investigated whether miR-365 acts to affect the stability of IL-6 mRNA. To this end, real-time PCR was performed by using total RNA prepared from cells transfected with the mimic or inhibitor oligonucleotides. As shown in Fig. 1D , neither miR-365 mimic nor inhibitor affected the expression of IL-6 mRNA. Thus, it can be concluded that miR-365 decreases IL-6 expression by repressing its mRNA translation but does not affect its mRNA stability.
Confirmation of the Response Element for miR-365 in the IL-6 3Ј-UTR-Post-transcriptional regulation of target genes by miRNA is mediated by binding of miRNA to the 3Ј-UTR of target gene, whereas the specificity of the individual miRNA is determined by the seed region, which located in nucleotides 2-8 of 5Ј portion of the miRNA (7). Computational analysis suggested that there is a putative binding site for miR-365 in the 3Ј-UTR of the human IL-6 gene and the binding site for the seed region of miR-365 is located at 30 -36 bp of IL-6 3Ј-UTR ( Fig. 2A) . The minimum free energy of hybridization between the target RNA and miR-365, as predicted by RNAhybrid (33) , also supported the possibility that miR-365 can bind at that site (Fig. 2B) . Furthermore, alignment of multiple IL-6 3Ј-UTRs showed that the binding site for the seed region of miR-365 is highly conserved among different species, including human, mouse, rhesus, chimpanzee, armadillo, and cow ( Fig. 2A) .
To validate these bioinformatics predictions with experimental evidence, 3Ј-UTR reporter constructs lacking the predicted miR-365 binding site or having a 3-bp substitution in the MRE of IL-6 gene were generated and termed as pMIR-IL-6 3Ј-UTR deletion and point mutation, respectively (Fig. 2C) . When the miR-365 mimic or inhibitor were co-transfected with these constructs, the miR-365 mimic was observed to FIGURE 1. miR-365 is a negative regulator of IL-6. A, HEK293 cells were co-transfected with the indicated miRNA expression construct (0.4 g), pMIR-IL6 3Ј-UTR reporter plasmid (0.2 g), and pRL-TK (0.05 g). At 24 h posttransfection, cells were collected, and luciferase activity was measured. Luciferase activity of the empty vector was regarded as 1. *, p Ͻ 0.01, as compared with the empty vector group. B, mimics (20, 40 , and 60 nM) or inhibitors (60, 80, and 100 nM) of miR-365 were co-transfected with pMIR-IL-6 3Ј-UTR reporter plasmid into HEK293 cells. A scrambled mimic (60 nM) or inhibitor (100 nM) was used as control. Luciferase activity was measured at 24 h posttransfection. The luciferase activity of the scrambled mimic or inhibitor was regarded as 1. C and D, HeLa cells were transfected with the indicated miRNA oligonucleotides. Poly(I:C) or poly(dAT:dAT) were transfected at 24 h after the initial transfection. Culture supernatants were collected 24 h later, and IL-6 was measured using a human IL-6 ELISA kit (C). Total RNA was extracted from cells, and real-time PCR assay was performed with specific primers listed in "Experimental Procedures" (D).
inhibit by 45% the luciferase activity of the reporter with an intact 3Ј-UTR, as compared with luciferase activity after treatment with scrambled mimics. However, overexpression of miR-365 only inhibited 10 and 20% luciferase activity of the reporter pMIR-IL-6 3Ј-UTR deletion and point mutation, respectively (Fig. 2D) . These results provided experimental support to the prediction that the miR-365 response element is located in the 3Ј-UTR of IL-6.
Analysis of miR-365 Promoter Activity-To investigate the transcriptional regulation of miR-365, the genomic information of miR-365, including the putative transcription start site and genomic location, were obtained from miRBase (23) (24) (25) . A schematic representation of the miR-365 promoter is shown in Fig. 3A . For the deletion mutation assay, luciferase reporters with different lengths of the miR-365 promoter were transfected into HEK293 cells to determine the basal promoter activity. As shown in Fig. 3B , the highest luciferase activity was produced by reporter TSS-1097, with a 1.2-kb putative promoter region, which led to a 10-fold induction in luciferase activity with respect to pGL3-Basic, suggesting that TSS-1097 possesses fully intact promoter activity. Transfection with TSS-1348, TSS-705, or TSS-336 reporter plasmids resulted in a less basal promoter activity. These results indicated that the region from Ϫ1097 to Ϫ705 is required for intact promoter activity and the region from Ϫ1348 to Ϫ1097 may contain negative regulatory element(s). We also investigated the responses of the miR-365 promoter to different inflammatory stimuli. As shown in Fig. 3C , luciferase activity of reporter TSS-1097 could be induced by poly(dAT:dAT), poly(I:C), phorbol 12-myristate 13-acetate, and Sendai virus. The highest induction was up to 3-fold after stimulation with poly(dAT:dAT), whereas induction by poly(dAT:dAT) was not observed in transfections with TSS-1348, TSS-705, or TSS-336 (Fig. 3B ). In addition, we examined whether endogenous miR-365 is inducible by stimulation with poly(dAT:dAT) or poly(I:C). As shown in Fig. 3D , the expression of miR-365 was significantly high in cells stimulated with poly(dAT:dAT) than with poly(I:C). The results were in agreement with that of luciferase activity of reporter TSS-1097 after stimulation with poly(dAT:dAT) and poly(I:C).
Together, these results demonstrate that the region from Ϫ1097 to Ϫ705 is required for basal miR-365 promoter activity and that miR-365 promoter activity can be significantly induced by poly(dAT:dAT).
NF-B and Sp1 Response Elements Are Essential for the Transcriptional Activity of the miR-365
Promoter-To investigate the transcription factors involved in the transcription of miR-365, a 1.1-kb region upstream of the putative transcription start site (TSS) of miR-365 was analyzed with prediction software Alibaba2.1. Sp1 and NF-B binding sites were predicted to be separately located in the promoter region. We used site-directed mutagenesis to abolish each site (Fig. 4A) . Mutations of either the NF-B or Sp1 site significantly inhibited the transcription activity of TSS-1097 induced by poly(dAT:dAT) (Fig.  4B) . We further investigated the involvement of Sp1 in the transcriptional regulation of miR-365 by using gain-and loss-offunction assays. Promoter activity of miR-365 was inhibited by 45% in the presence of 80 nM Sp1 siRNA (Fig. 4C) , whereas forced expression of Sp1 induced promoter activity by 3-fold (Fig. 4E) . Mutation of any NF-B or Sp1 binding sites in the miR-365 promoter resulted in similar responses to the induction caused by Sp1. In contrast, the double mutation (mutations of NF-B sites number 1 and 2 located in the region from Ϫ1097 to Ϫ705 bp) and Sp1-mut2 inhibited the transcriptional increase induced by ectopic expression of Sp1 by 50 and 60%, respectively (Fig. 4E) .
The NF-B signaling pathway has previously been implicated in the regulation of many miRNAs (8) . We used gain-and loss-of-function assays to show that forced expression of NF-B subunit p65 induced a 12-fold up-regulation of the miR-365 promoter activity (Fig. 4E) . However, interfering with NF-B activity by pretreatment with 10 M NF-B specific inhibitor BAY11-7082 inhibited both basal promoter activity and transcriptional increase by poly(dAT:dAT) stimulation (Fig. 4D) . These results indicated a role for NF-B in the transcription regulation of miR-365. In addition, the site-directed mutation assays showed that mutations of any of the NF-B or Sp1 binding sites slightly inhibited the transcriptional increase induced by p65 overexpression, but the double mutation and Sp1-mut2 mutants inhibited by at least 45 and 50%, respectively, the transcriptional increase induced by p65 overexpression (Fig. 4E) . These results indicate an important role for the NF-B sites number 1 and 2 and Sp1 site number 2 in the transcription of miR-365.
Previous studies have revealed an interaction between Sp1 and NF-B in gene regulation processes through synergistic or antagonistic effects (34) . To investigate the relationship between Sp1 and NF-B in the transcriptional regulation of miR-365, Sp1 and p65 expression constructs were co-transfected, and the luciferase activity of TSS-1097 was analyzed. As shown in Fig. 4F , forced expression of both Sp1 and NF-B p65 up-regulated transcription of miR-365 to a greater degree (16-fold) than transfection with either one alone (12-or 13-fold, respectively). These results suggest a synergistic effect between Sp1 and NF-B on the transcription of miR-365.
The Involvement of MAPK/ERK in miR-365 TranscriptionThe MAPK pathway is an important signaling pathway regulating numerous biological processes including miRNA-mediated effects (35) . To address the question as to whether MAPK signaling is involved in the transcription of miR-365, we employed specific inhibitors of various intermediates of the pathway. As shown in Fig. 5 , pretreatment with the ERK inhibitor U0126 inhibited miR-365 promoter activity by 30% with respect to DMSO pretreatment, whereas pretreatment with other inhibitors, including the p38 inhibitors SB202190 and SB203580 and the JNK inhibitor SP600125, had no appreciable inhibitory effect on the transcription of miR-365. These results indicated that MAPK/ERK may play a role in the transcription regulation of miR-365.
miR-365 Has a Stronger Regulatory Effect on IL-6 in Vitro Than Does
Let-7a-Let-7a has recently been described as a regulator of IL-6 by direct interaction with IL-6 3Ј-UTR (36) . Let-7a and miR-365 bind to different regions of the IL-6 3Ј-UTR (Fig. 6A) . To compare the inhibitory effect of the two miRNAs on IL-6 expression, equal amounts of miR-365 or let-7a mimics along with pMIR-IL-6 3Ј-UTR were transfected into HEK293 cells. As shown in Fig. 6B , when 40 nM mimics were transfected, miR-365 inhibited by 50% the reporter activity, whereas let-7a only inhibited by 30%, as compared with transfection with the scrambled oligonucleotide. When the amount of miRNA mimics was raised to 80 nM, the reporter activities were inhibited by 50 and 40% in transfections with miR-365 and let-7a mimics, respectively. Next, we investigated the inhibitory effect on IL-6 expression by combining the two miRNAs. miR-365 and let-7a were mixed in various ratios, and the total amount of the mimics was limited to 40 nM. As shown in Fig. 6C , when the concentration of let-7a in the mixture was greater, the inhibitory effect dropped. ELISA was also performed to measure the protein level of IL-6 in the culture supernatants of HeLa cells pretreated with equal amounts of miR-365 or let-7a. The presence of miR-365 had a stronger inhibitory effect on the IL-6 protein level in vitro than did the presence of let-7a (Fig. 6D) . Even if IL-6 was induced by stimulation with poly(dAT:dAT), miR-365 also exhibited stronger inhibitory effect on IL-6 expression than did let-7a (Fig. 6D) . Together, these results demonstrated that miR-365 exhibited a greater negative regulatory effect on IL-6 than let-7a.
DISCUSSION
In this study we established that miR-365 is a direct negative regulator of IL-6. We found that IL-6 protein expression is modulated by miR-365, and this regulatory effect is driven by miR-365 through conserved seed matches within the 3Ј-UTR of IL-6. The stability of IL-6 mRNA is not affected by miR-365, and it appears regulation of the target gene may be achieved by repressing mRNA translation. We further showed that the promoter region of miR-365 possesses several consensus Sp1 and NF-B binding sites, that overexpression of NF-B p65 or Sp1 leads to a significant up-regulation of miR-365 transcription, and co-expression of Sp1 and NF-B p65 is required for the maximal induction of miR-365.
We provide multiple pieces of evidence to identify miR-365 as a regulator of IL-6. 1) A miR-365 response element was predicted in the IL-6 3Ј-UTR with a seed sequence match. (2) miR-365 and its seed region are strictly conserved across species. The putative binding site of miR-365 to the IL-6 3Ј-UTR is broadly (although not strictly) conserved among vertebrates.
3) The activity of a luciferase reporter in which the IL-6 3Ј-UTR was fused to the downstream of the reporter gene was repressed by miR-365 overexpression in a dose-dependent manner, whereas a luciferase reporter with MRE deletion or mutation in the IL-6 3Ј-UTR was no longer repressed by miR-365. And 4) the negative regulation of IL-6 at the protein level was further confirmed by ELISA.
Previous studies have suggested the possibility that IL-6 could be regulated by miRNAs. For example, miR-146a modulates IL-6 expression in response to rising IL-6 levels to restrain excessive senescence associated secretory phenotype activity (37) , and miR-155 was shown to negatively regulate the induction of IL-6 expression in monocytes exposed to tumor culture supernatants (38) . However, no evidence exists to support the direct regulation of IL-6 by miR-146a or miR-155. Instead, it appears that miR-146a and miR-155 represses the expression of IL-6 indirectly by targeting upstream molecules IRAK1 and CEBP-␤, respectively (37, 38) . In this study, we demonstrate that miR-365 directly regulates IL-6 level by classic interaction with its 3Ј-UTR. We further identified the MRE for miR-365 by using mutant reporters of IL-6 3Ј-UTR. More recently, Iliopoulos et al. (36) reported hsa-let-7a as a miRNA regulator of IL-6 that functions by direct interaction with 3Ј-UTR of IL-6. However, the MRE for let-7a is located in 316 -322 bp of IL-6 3Ј-UTR, which is different from the region that occupied by miR-365 (Fig. 6A) . Our data showed that, compared with let-7a, miR-365 exhibits a stronger inhibitory effect on IL-6 expression, as demonstrated by IL-6 3Ј-UTR luciferase reporter assay and IL-6 ELISA. Furthermore, the observation that the concentration of let-7a in a mixture of miR-365 and let-7a negatively correlated with the inhibitory effect on IL-6 expression further supported this conclusion (Fig. 6C) . On the other hand, the result also showed that certain miRNA seems to exert function independently, and there is no synergistic or antagonistic action between the two miRNAs even they have the same target.
As the importance of miRNA activity in gene regulation becomes increasingly evident, interest has focused on the mechanisms by which miRNAs are governed (8, 11, 35, 39) . In this study we investigated the transcriptional regulation of miR-365 and demonstrated that NF-B and Sp1 are involved in miR-365 transcription. Overexpression of the NF-B subunit p65 significantly induced activity of the miR-365 promoter, whereas pretreatment with an NF-B-specific inhibitor inhib- ited the transcription of miR-365. Furthermore, the NF-B transcription factor binding sites in the promoter of miR-365 were required for the transcription of miR-365, collectively (36) and our study, respectively. CDS, coding sequence. B, pMIR-IL-6 3Ј-UTR was co-transfected with miR-365 or let-7a into HEK293 cells. Luciferase activities were measured at 24 h post-transfection. NC, negative control. *, p Ͻ 0.05. C, pMIR-IL-6 3Ј-UTR was cotransfected with a total of 40 nM miRNA composed of individual or mixed miR-365 and/or let-7a at the indicated ratios. Luciferase activities were measured 24 h post-co-transfection. D, HeLa cells were transfected with a total of 60 nM miR-365 and/or let-7a mimics or scrambled oligonucleotides as indicated. Cells were transfected with poly(dAT:dAT) at 24 h after the initial transfection. Culture supernatants were collected 24 h later, and IL-6 was measured using a human IL-6 ELISA kit. Bar graph data are presented as the means Ϯ S.D. (n ϭ 3). *, p Ͻ 0.05; **, p Ͻ 0.01.
TABLE 3
List of putative target genes of miR-365 Target suggesting that NF-B plays a critical role in the biological processes of miR-365. Indeed, in addition to miR-365, miR-146a (8), miR-155 (40), let-7i (41), miR-17-92, miR-125b-1, miR-21, miR-23b-27b-24 -1, miR-30b, and miR-130a (42) have all also been found to be under the control of NF-B. Sp1 is a ubiquitously expressed transcription factor and is indispensable for the development and survival of animals (43) (44) (45) . Interestingly, Sp1 elements are often found in the enhancers or promoters of NF-B-regulated genes (46 -49) . Furthermore, the Sp1-NF-B complex has been shown to be involved in the regulation of miR-29b and mouse TLR-2 (50, 51) . Considering that our data show that both Sp1 and NF-B contribute to the transcription of miR-365 and two NF-B binding sites and one Sp1 binding site were found to be indispensable for miR-365 transcription, we speculated that cooperation between Sp1 and NF-B in the transcriptional regulation of miR-365 might exist. The synergistic increase in the miR-365 promoter activity induced by co-expression of Sp1 and NF-B p65 partly supported our hypothesis, but further studies are needed to test these possibilities.
In addition to the NF-B pathway, previous studies have revealed that the MAPK signaling pathway also plays a regulatory role in the generation of some miRNAs (35, 52, 53) . In our study, pretreatment with ERK inhibitor significantly inhibited miR-365 promoter activity, indicating a regulatory role for ERK in the transcription of miR-365. Although p38 and JNK have been demonstrated to regulate the expression of other miRNAs, for example JNK regulating miR-155 and p38 regulating miR-34c (54, 55), we did not observe any appreciable role in the regulation of miR-365 by p38 and JNK.
A single miRNA can regulate several or even hundreds of genes (1) . With the exception of IL-6, bioinformatics analyses have indicated other molecules, such as ubiquitin-specific peptidase 48 (USP48), heat shock 70-kDa protein 8 (HSPA8), zinc finger protein 148 (ZNF-148), and serum/glucocorticoid-regulated kinase 1 (SGK-1), are potential targets of miR-365 (Table  3) . Interestingly, a very close correlation between these targets and NF-B activation has been reported (56 -59) . These molecules regulate NF-B by several mechanisms, including specific promoter binding activity as well as phosphorylation and ubiquitination. For example, SGK-1 facilitates NF-B activation by phosphorylation of IKK␣, which in turn leads to the degradation of IB␣ (59) . NF-B has been shown to play a major role in LPS-induced expression of IL-6 or other inflammatory cytokines (30) . It is possible that, in addition to negative regulation of IL-6 expression by direct binding to the 3Ј-UTR of IL-6, miR-365 may also affect the activation of NF-B and thereby indirectly inhibit IL-6 expression. Interestingly, we observed that overexpression of miR-365 significantly attenuated NF-B activation in HEK293 cells (data not shown). Certainly, additional experiments should be performed to demonstrate the indirect regulation of IL-6 by miR-365.
In conclusion, our studies identified miR-365 as a novel negative regulator of IL-6. In addition to direct negative regulation, miR-365 may regulate IL-6 expression indirectly. In vitro evidence indicated that miR-365 functions as a more powerful regulator of IL-6 than let-7a. NF-B, Sp1, and ERK are involved in the expression of miR-365, suggesting that miR-365 is controlled by a complex network to exert its function in an appropriate manner.
